INTRODUCTION AND STATE OF THE ART
When planning production processes, the most important task is to obtain the best machine part quality with minimum manufacturing costs. The environmental aspects have also become significantly important [1] , which is connected with striving to achieve a higher level of productivity and environmental awareness.
This idea has been recognized in terms of sustainable manufacturing. This includes minimizing the use of cooling lubrication fluids based on artificial ingredients and increasing cutting speeds. The way of supplying and the quantity cooling lubrication liquids delivered to the cutting zone largely influence machinability of constructional materials [2] . The use of ecologically impeccable cooling lubrication fluids that do not harm people's health and are environmentfriendly has been promoted. Such cooling lubrication fluids are for instance liquefied nitrogen and vegetable-based oils. In connection with such fluids, more and more sustainable alternative technologies have been developing. One of them is cryogenic machining, where liquefied nitrogen can be used as a cooling lubrication fluid [3] . These facts encouraged the present research on how liquefied nitrogen functions as a cooling lubrication fluid, in order to enable its use in industry in future to encourage green production.
Materials such as high temperature alloys (nickel, titanium, etc.) are usually employed in manufacturing processes of high added valued products, especially in space, aircraft and military industry [4] . Such materials have excellent mechanical and thermal properties which are maintained even when the materials are exposed to high temperatures. Additionally, such materials have low thermal conductivity and get plastically hardened at high temperatures, hence their extremely poor machinability [5] . At the formation of a chip, high temperatures and deformations occur in contact zones, which causes fast tool wear or even cutting edge fractures [6] . According to these facts, it can be concluded that such materials should be machined by the use of a cooling fluid, such as liquefied nitrogen. For conducting this research, Inconel 718 was chosen. Inconel 718 is a nickelchromium alloy and is one of high-temperature alloys.
The main property of cryogenic machining is the use of a cryogenic fluid (liquefied nitrogen) as the cooling fluid during cutting processes at very low temperatures. The dividing line between cryogenic and conventional temperatures is in evaporation point that should be below -150 ˚C [7] . The idea is based on the delivering of a cryogenic fluid (liquefied nitrogen) to the local zone on the cutting edge where the temperature during cutting is the highest [8] .
Based on the researches of the temperature in the cutting zone, Ding and Hong [9] has explained that the use of liquefied nitrogen increases tool life and achieves better material machinability (shorter chips), compared to conventional processes. Dhokia et al. [10] has proven that the surface quality after cryogenic machining is better (lower roughness), compared to the cutting processes at which conventional cooling lubrication fluids are used.
Pu et al. [11] has conducted experiments to prove that compressive residual stresses in a material after cryogenic machining are favorable since they prevent cracks on the surface.
Reviewing the state of the art in the field of observation phase of nitrogen, the majority of previous studies have been conducted with the purpose to research the macrocharacteristics of heat transfer when boiling [12] . Tsukamoto and Uyemara [13] have presented an optical way of observing bubble formation at the surface of a thin wire, heated by a stepwise transient in liquid nitrogen. Kida et al. [12] has conducted researches in the field of the microcharacteristics of boiling, analyzing the size and the frequency of nitrogen bubble formation.
The aim of the paper is to contribute to better understanding of the influence of liquefied nitrogen in terms of defining the surface heat transfer coefficient in correlation to its phase, by resolving the inverse problem. Studies in terms of defining surface heat transfer coefficient between liquefied nitrogen and surface workpiece have been encouraged by not knowing exactly values for this coefficient published in the past publications.
Most papers dealing with this topic use the surface heat transfer coefficient values referenced from the following papers: Hong and Ding [14] (h LN = 23270 W/(m 2 K) to 46750 W/(m 2 K) and Hong and Ding [15] (h LN = 48270 W/(m 2 K) to 74950 W/(m 2 K).
The paper presents the analysis of the difference between the influence of the liquid and gaseous phase of nitrogen on in-depth temperature and depth of the cooling layer in Inconel 718 workpiece. This simulates the temperature distribution in the cutting zone during machining, what indirectly influences the friction coefficient, the surface integrity of the workpiece, and the functionality of a final component/product [16] .
Theoretical Background

The Difference between Liquid and Gaseous Phase
The paper presents the difference between the influence of the liquid and gaseous phase of nitrogen in terms of determining the surface heat transfer coefficient depending on the temperature of the fluid/ workpiece. An important characteristic of nitrogen is its phase. Due to its extremely low evaporation temperature (T) (-196 ˚C at air pressure (p) of 10 5 Pa), liquefied nitrogen has a high tendency to evaporate and consequently, the phase (liquid and gaseous) can change when liquefied nitrogen exits the nozzle. Physical properties of this fluid for both phases, such as density (ρ), specific heat (C p ), viscosity (ν), and thermal conductivity (λ) are listed in Table 1 [17]. 
Thermal Conditons at Cooling with Liquefied Nitrogen
The function of the application of liquefied nitrogen to the local area of a tool or to a workpiece (toolworkpiece contact) is the cooling of the machining process. It is a process of convection (cooling), where a cold flow of the fluid comes to the surface of a warmer body and creates a boundary layer that fits the surface of the body. That is assumed to be the gaseous layer of nitrogen which has lower thermal conductivity than pure liquid phase ( Fig. 1 ). In this way the nitrogen film modeling has been designed in the numerical simulation [18] .
For performing experiments in this work, the plate has been cooled by the moving nozzle, where convective (forming thin film on the workpiece surface) and diffused (heat transfer through the solid body) heat transfer occurs. Convective heat transfer occurs when a thin film is formed on the workpiece surface and when boiling bubbles start moving upwards in the atmosphere because of the pushing force. Advection needs to be taken into account, too, and it is a phenomenon when energy (including thermal energy) is moved by the physical transfer of a hot or cold object from one place to another. This can be described by the Eq. (1) [19] :
where
From the physical point of view, the process can be described by Fouriers law, which is defined as: the heat flux density q [W/m 2 ], resulting from thermal conduction, is proportional to the magnitude of the temperature gradient and opposite to it in sign. The law can be defined in the Cartesian coordinate system and is defined by Eq. (2):
This means that if temperature decreases with distance, the heat flux density q is positive and in the direction of distance vector. If temperature T increases with the distance vector  r , the heat flux density q is negative and in the opposite direction of the distance vector  r [18] . Heat flux density, accepted by the body, is defined by Eq. (3):
where T fluid [˚C] is fluid temperature and T body [˚C] body temperature.
The surface heat transfer coefficient h [W/ (m 2 K)] is in thermodynamics and mechanics a proportional coefficient to the heat flux density, which flows through the surface layer, and the temperature difference [20] and [21] .
Additionally, the convective heat transfer, that is present when the difference between the temperature of the workpiece surface and the fluid exists has to be taken into account, too. This phenomenon refers to the thermal boundary layer which causes the surface heat transfer. Additionally, there is also a velocity boundary layer due to the friction between the surface and the fluid which is the result of the fluid viscosity [22] and has to be taken into account.
METHODS
At first, a numerical simulation (finite element method) has been designed to describe experimental condition and to resolve the inverse problem for determining the surface heat transfer coefficient between liquefied nitrogen and Inconel 718 workpiece plate.
Eulerian formulation, which is fixed in space and can be used to simulate the flow through the material mesh, has been used [23] .
When at least one parameter of the process is not known, different methods can be used to resolve inverse problem [24] . In the experimental part of measuring temperature, the surface heat transfer coefficent was not known. The focus of the numerical simulation was to determine the surface heat transfer coefficent, based on fitting the experimental T exp (t) and the simulation T sim (t) curve. To reach the fitting of the experimental curve T exp (t) and the simulation curve T sim (t), the exact values for the surface heat transfer coefficient, depending on the difference of the temperature between the coolant and the workpiece, have been determined.
Additionally, the values for the surface heat transfer coefficient have been checked to coincide with the value interval from the literature.
THE EXPERIMENTAL PART
The workpiece was an Inconel 718 plate (150 mm × 246 mm × 2.5 mm) which was hot-rolled, aged and polished at R a ˂ 0.3 μm on the upper side. On the lower side of the plate, 3 sets of 5 holes within the distance of 5 mm were made. Each set of the holes was at the following depths: 0.1 mm, 0.5 mm and 1 mm from the polishing side of the plate. Three sets of holes were machined because of the future researches of the temperature field along the depth of the Inconel 718 plate.
The nozzle was moved across the middle of the plate, right above the middle hole on the grinded surface of the plate. In the experiments, five thermocouples NiCr-Ni (K-type, diameter 0.3 mm) were used. The thermocouples were fixed to the holes with a power tape. To assure the contact of the thermocouple with the workpiece, the thermopaste based on silicon oil with metal oxides was used. The nozzle diameter was 1 mm and moved 15 mm above the plate. Liquefied nitrogen was piped through the nozzle under pressure of p = 1.8·10 5 Pa. For data acquisition, a NI acquisition card was used, while for the nozzle movement, the nozzle was attached to the machine spindle and moved along the plate. , d and x) . The value range for the moving nozzle speed was defined based on comparable cutting speed, recommended for machining Inconel 718. By the determination of the values, the aim was to determine the temperature drop in the material after the nozzle had moved across the plate. This can be compared to one workpiece revolution in the turning process. The design of experiments comprised 12 experiments at different nozzle moving speeds (5, 15, 25 or 35) m/min and at different depths at which the temperature in the material was measured (0.1 mm, 0.5 mm or 1 mm). Fig. 3 shows the experimental setup (the clamping of the nozzle onto the machine spindel and the detail that shows the diameter of the jet dispersion on the surface). The process of moving the nozzle across the plate lasted for 1.8 s, the difference to 2.4 s was predicted for balancing the heat flux in the system. It shows that the change in the material temperature is the biggest in the middle thermocouple marked with blue ΔT = 5.5 K.
The result is in accordance with the expectations since the nozzle moved across the middle of the plate. The minimum temperature was reached after 1.1 s, which means that there had been a delay in the process.
Fig. 5. Temperature time distribution curve T exp (t) for Inconel 718 and time of the moving nozzle across the plate t = 1.8 s (v = 5 m/min and measured temperature at depth: 0.5 mm)
The reason for this phenomenon is the forming of a gaseous nitrogen film which causes convective cooling of the material surface. While the nozzle was moving across the plate, it gradually pounded the convective insulated film which prevented higher cooling of the material. The cooling rate is described by Eq. (4):
where T max is temperature maximum and T min is temperature minimum on the steepest part of the T(t) curve. The results are shown in Table 2 , where the cooling rates for all the mentioned curves are shown. The results listed in Table 2 show that the middle thermocouple T 3 was subjected to cooling the most -31.8 K/s at the depth of 0.5 mm below the surface of Inconel 718. One of the reasons for slow cooling of Inconel 718 is also that it has low thermal conductivity (11.3 W/(mK)), as well as the above mentioned gaseous nitrogen film that is formed by the process of convection. For the numerical simulation design, the following parameters were chosen: v = 5 m/min, d = 0.5 mm, x = 0 mm and ΔT = 5.5 K, represented by curve T 3 .
The cooling rate is also calculated, depending on the duration of the experiment, where the temperature at 0.1 mm below the surface was measured. The liquefied nitrogen jet was static and applied for such a long time until the balance between the liquid nitrogen jet and the temperature at the depth of 0.1 mm in Inconel 718 was reached. Fig. 6 shows the conducted experiment. The maxiumum cooling rate on the curve (Fig. 6 ) was calculated to be -7.6 K/s. The static experiment was conducted in order to show the impact of the static nozzle on the cooling rate of the Inconel 718 plate. The experiments with a moving nozzle show that there is a greater impact on the pounding of the convection gaseous film of nitrogen because the cooling rates were reached in a shorter time compared to the static nozzle experiment.
The static experiment tells that a static liquefied nitrogen jet has a lower capability to pound the gaseous nitrogen film, which consequently prolongs the time needed to reach the temperature balance. The convection of ambient air has impact on slower cooling of the plate. 
NUMERICAL SIMULATION -SURFACE HEAT TRANSFER COEFFICIENT
In the current case, the numerical simulation was designed in Abaqus/Explicit 6.10. Finite element method was used. For simulating heat transfer through the mesh on the material, while using a fluid, the Eulerian formulation was used [23] and [25] .
The reference parameters for the design of the numerical simulation were the following: v = 5 m/min, d = 0.5 mm in x = 0 mm. The depth of 0.5 mm was chosen since it had proven to be the most appropriate for simulating. At the depth of 0.1 mm, errors could have occured (measuring the temperature right under the surface).
The input parameters were: type of the formulation, mesh, the nozzle speed, the material mechanical and thermal properties data, as well as the initial and boundary conditions. The output parameter was the temperature. The mesh was chosen according to the geometry of each individual element in the system. The mesh was tetrahedral. All created components (the plate, the thermopaste and the thermocouple) had a finer net in the area of measuring temperature (Fig. 7) . The length side of the triangle is marked with a (Fig. 7) . Thermocouple and thermopaste were also created in the numerical simulation because of their different thermal properties, in order to describe the experiment completely and to reach the best possible result in the numerical simulation. Fig. 8 shows the numerical simulation boundary conditions.
Dispersion of the liquefied nitrogen jet on the surface was assumed to be 4 mm × 4 mm. Two rectangles on the Fig. 8 present the liquefied nitrogen jet. Based on the width of the plate (146 mm), there were 73 rectangles. Based on the selected nozzle velocity (5 m/min) and the width of the particle (2 mm), the time period of the jet application was calculated. The temperature of the surface of each particle was -196 °C.
Mechanical (Young's modulus, Poisson ratio and density) and thermal (thermal conductivity and specific heat) properties of the materials used in the numerical simulation were adapted from the literature [26] to [28] . Because of a little temperature difference in Inconel 718, temperature dependant data for its properties were not considered. The thermocouple material for simulation was nickel which has approximately the same mechanical and thermal properties as chromium.
Temperature dependant thermal properties for the liquid nad gaseous phase of the nitrogen were adapted from Pušavec et al. [4] . The time gradient was 0.05 s.
According to the fitting of the two curves, the experimental T exp (t) and the simulation T sim (t), the thermal conductivity of the gaseous nitrogen film was determined (λ = 30 W/(mK)), as well as the surface heat transfer coefficient between liquid nitrogen and the workpiece.
According to this fact, it can be concluded that bubble boiling of the cryogenic media was suspected. It is assumed that the bubbles were dispersed and that they formed a gaseous nitrogen film. Fig. 9 shows the temperature distribution in the nodals on the plate after the numerical simulation (t sim = 2.4 s). In the numerical simulation, the cooling impact of the liquefied nitrogen jet on the whole surface of the Inconel 718 plate was taken into account. On the right side of the plate there is a wider area of cooling impact as a start point of entry to the nozzle plate. Fig. 10 shows the temperature distribution in the nodals across the depth of the plate after numerical simulation (t sim = 2.4 s). The cooling impact of the liquefied nitrogen decreases with the increasing distance from the center where there were boundary conditions -velocity and the size of the surface jet on the plate. At the transition between Inconel 718 and the thermopaste, the heat conductivity was defined, as well as at the transition between the thermopaste and the thermocouple.
The comparison between the experimental and the calculated T(t) curve and consequently the values for the heat transfer coefficient between the coolant and the workpiece surface will be presented in the following part of the paper. Fig. 11 shows the experimental and the simulation temperature-time T(t) distribution curves. In the numerical simulation, a layer (l = 0.1 mm), which describes the gaseous phase of the nitrogen, has been designed.
RESULTS
A higher inconsistency between the curves occurs only in the initial part (t = 0 s to 0.9 s), where the experimental curve T exp (t) reaches a higher temperature gradient. This error in the numerical simulation is conditioned by the design of the gaseous nitrogen film which was constantly placed on the workpiece and did not change geometrically (simplification). The fitting between T exp (t) and T sim (t) curves is appropriate, given the simplification of the simulation conditions. At the start of the experiments, a preliminary experiment with input data: v = 1 m/min and d = 0.5 mm was conducted. Based on this experiment, a numerical simulation has been created to confirm the trend of the T sim (t) curve for v = 5 m/min and d = 0.5 mm. The trend was the same in both numerical curves and the same temperature difference as in the experiment was reached. According to the fitting of the two curves, the surface heat transfer coefficient between the coolant (gaseous nitrogen film) and Inconel 718 (Fig. 12) 
The comparable trend of the curve (Fig. 12 ) can be seen in the adapted paper [17] .
CONCLUSIONS
For the past few decades, the increase of consumption of cooling lubrication fluids, which are not harmful to humans and the environment, was detected in researches. The idea has been developed in accordance to sustainable engineering. Liquefied nitrogen is one of the many media which can be used as a cooling lubrication fluid in green manufacturing. The benefits of the usage of liquefied nitrogen are: improved machinability of the material can be expected via improved (shorter) chips, reduced temperature in the cutting zone, improved surface roughness and more compressive residual stresses in the material.
The paper analyses thermal influences of liquefied nitrogen on workpiece material Inconel 718. It presents the process of solving the inverse problem for determining the surface heat transfer coefficient between liquefied nitrogen and workpiece depending on the temperature difference. The experiments where the temperature in the material was measured were performed in dependance on the different speeds of the moving nozzle across the plate.
Then the numerical simulation was designed to validate the experiment. The surface heat transfer coefficient between liquefied nitrogen and the workpiece surface was defined (based on the fitting of the experimental and simulation curves).
According to the results, the paper can give the following conclusions:
• The surface heat transfer coefficient is not a constant value but it decreases with increasing temperature of liquefied nitrogen (liquid to gas).
• The heat transfer coefficient between liquefied nitrogen and the Inconel 718 workpiece surface is the highest when nitrogen is in the liquid phase (around temperature difference ΔT = 196 ˚C, h = 75000 W/(m 2 K)).
• Under temperature difference 160 K, a sharp fall to around 15000 W/(m 2 K) can be detected, because of the nitrogen transformation from liquid to gaseous phase.
• The effect of conductance is reduced due to the formation of a gaseous nitrogen film (bubble boiling) which has got very low heat conductivity, around 0.03 W/(mK).
• The deviation between the experimental and the simulation curve is higher at the beginning of the process (t = 0 s to 0.8 s). It happens because of the nitrogen gaseous film which was being removed by the fluid jet which also cooled the workpiece surface in the experiment. In the simulation, the film was predicted and its characteristic did not change (were kept constant), therefore, such drop of temperature did not occur, contrary to the experiment.
• Summarizing the results, the limit where the heat transfer coefficient between liquefied nitrogen and the workpiece surface drops to the lowest value is when the temperature difference becomes 150 K. From there, it is possible to detect only air because whole nitrogen evaporates and there is only force air convection (1500 W/(m 2 K)).
